Cells in physiology integrate local soluble and mechanical signals to regulate genomic programs. Whereas the individual roles of these signals are well studied, the cellular responses to the combined chemical and physical signals are less explored. Here, we investigated the cross-talk between cellular geometry and TNFα signaling. We stabilized NIH 3T3 fibroblasts into rectangular anisotropic or circular isotropic geometries and stimulated them with TNFα and analyzed nuclear translocation of transcription regulators -NFκB (p65) and MKL and downstream gene-expression patterns. We found that TNFα induces geometry-dependent actin depolymerization, which enhances IκB degradation, p65 nuclear translocation, nuclear exit of MKL, and sequestration of p65 at the RNA-polymerase-II foci. Further, global transcription profile of cells under matrix-TNFα interplay reveals a geometry-dependent gene-expression pattern. At a functional level, we find cell geometry affects TNFα-induced cell proliferation. Our results provide compelling evidence that fibroblasts, depending on their geometries, elicit distinct cellular responses for the same cytokine.
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cell geometry | TNFα | NFκB | gene expression T o determine their behavior, cells living in multicellular systems integrate both local soluble and mechanical signals. In recent years, evidence has revealed the role of the extracellular mechanical environment in regulating nuclear signaling, as well as driving geneexpression programs that regulate cellular homeostasis (1, 2) . In response to mechanical stimuli induced by the extracellular matrix, specific intracellular signaling pathways can be triggered, leading to nuclear shuttling of transcription regulators like YAP/TAZ, MKL, and thereby triggering the expression of specific genes (3) (4) (5) . Mechanical properties of the extracellular matrix can thereby regulate cell behaviors, including stem-cell lineage specification, embryonic development, and also tumor progression or repression (6) (7) (8) (9) . Recently, we showed that cell-geometric constraints result not only in cytoskeletal remodeling (10) , but also modular changes in gene expression. For example, rectangular cells turned on SRF target genes, whereas circular cells turned on NFκB target genes (3) .
Over the last 30 y, a large body of work has mapped and characterized signaling pathways induced by major soluble signals like tumor necrosis factor α (TNFα) and transforming growth factor β (TGFβ). TNFα is a proinflammatory cytokine that is released primarily by activated macrophages, as well as lymphoid cells, mast cells, endothelial cells, fibroblasts, and neuronal tissue (11) . TNFα functions through the canonical NF-κB pathway, stress kinases, and in some cells, the apoptotic caspase pathway (11) . TNFα-dependent activation has been shown to result in actin remodeling (12, 13) and NF-κB-dependent transcription of anti-apoptotic and proinflammatory genes (14) (15) (16) . Well-regulated responses to TNFα and NF-κB activation are important to normal physiology (17) (18) (19) . However, the effect of integrating both mechanical and biochemical inputs on nuclear signaling and gene expression programs is not well understood. This is particularly important, because changes in mechanical inputs regulate cytoskeletal and nuclear architecture (4, 6, 7, 9, 20) , thereby giving a spatial dimension to gene regulation (21) induced by soluble factors.
In this paper we study at single-cell resolution the cross-talk between cellular geometric constraints and TNFα-mediated nuclear signaling. We used micropatterned substrates to define a rectangular anisotropic (RA, stretched) or circular isotropic (CI, relaxed) state for NIH 3T3 fibroblast. We confined cells to these two geometric constraints, and stimulated them with TNFα and analyzed the nuclear localization of NFκB (p65), as well as the expression of its downstream target genes. We found that TNFα stimulation led to differential nuclear translocation of NFκB (p65) in cells of different geometries. Depending on cell geometry, TNFα stimulation resulted in actin depolymerization, degradation of IκB (an inhibitor of NFκB), and nucleus-to-cytoplasmic shuttling of MKL, a cofactor to SRF. Activated RNA polymerase II foci were sequestered with MKL in RA cells, whereas the addition of TNFα resulted in an enrichment of p65 localization to these sites to regulate gene expression. Importantly, whole genome transcriptome maps revealed that cells of different geometries show very distinct responses to TNFα. Furthermore, we show that TNFα-induced cell response depends on cell geometry. Taken together, our results highlight an important link between cytokine signaling with the mechanical state of cells.
Results
Cell-Geometric Constraints Modulate TNFα-Induced Nuclear Translocation of p65. This study aimed to understand the role of cell-geometric constraints on signaling events induced by the cytokine TNFα. We compared the response of NIH 3T3 fibroblasts to TNFα, when confined to two distinct mechanical states, achieved using fibronectin micropatterns. The two chosen fibronectin micropatterns--rectangles (area: 1,800 μm 2 , aspect ratio 1:5) and circles 500 μm 2 ( Fig. 1A and SI Appendix, Fig. S1 A, a), render contrasting features to the NIH 3T3 fibroblasts (with average spread area ∼1,400 μm 2 in unpatterned conditions), in terms of their actomyosin contractility, spread area, and polarization of F-actin filaments. The rectangles give the fibroblasts an anisotropic and stretched shape, with a well-spread morphology having a high degree of actin polymerization and myosin contractility, whereas the circles render them with an isotropic, or symmetrical shape, with a relaxed, less Significance Cells experience distinct forces within the tissue microenvironment, and their geometry-dependent differential responses to various cytokines are important in the maintenance of their cellular homeostasis. Using micropatterned substrates to alter cell geometry, we show that TNFα stimulation results in differential nuclear localization of the downstream transcription factors and modular changes in gene-expression patterns. Our results highlight the importance of the intrinsic geometric properties of a cell in determining its response to a biochemical signal. Alterations to this cellular homeostasis may result in physiological abnormalities at single-cell level, leading to diseases like fibrosis and cancer. spread morphology having a low degree of actin polymerization and contractility (Fig. 1A and SI Appendix, Fig. S1 A, b-g ) as indicated by the cytoplasmic levels of F-actin and phospho-myosinlight-chain (pMLC). We aimed to determine how mechanical constraints, by themselves or in conjunction with TNFα signaling, can regulate nuclear shuttling of transcription regulators. To study the response generated by TNFα signaling, we assessed the extent of nuclear translocation of its effector, NFκB (p65 subunit). In NIH 3T3 cells grown in unstimulated conditions, on unpatterned fibronectin p65 localization was observed to be cytoplasmic. However, within 30 min of TNFα (20 ng/mL) stimulation the p65 was seen to translocate to nucleus (SI Appendix, Fig. S1 B, a  and b) . To explore the effect of cell geometry on TNFα-induced cellular response, we plated NIH 3T3 cells on either RA or CI fibronectin micropatterns (Materials and Methods), which were left untreated (Utr) or treated with TNFα (20 ng/mL, 30 min) (TNF) before being fixed and immuno-stained with p65 antibody and phallolidin (to stain F-actin). Images of single cells, acquired using confocal microscopy ( Fig. 1B and SI Appendix, Fig. S1 B, c and d), were analyzed to determine a nucleus-to-total ratio (N/T) of p65 (SI Appendix, Fig. S1 B, h), and plotted after normalization with respect to untreated cells on RA patterns (Fig. 1C) .
Cells on CI patterns have slightly higher levels of nuclear p65 (N/T) compared with those on RA patterns (SI Appendix, Fig. S1 B, e and f). This indicates that the mechanical state of the cell alone can affect the nuclear levels of the transcription factor p65. Upon stimulation with TNFα, CI cells showed a higher extent of TNFα-induced p65 nuclear translocation compared with RA cells (Fig. 1 B and C and SI Appendix, Fig. S1 B, h and i). A time-course study of TNFα stimulation on p65 nuclear translocation revealed that the CI cells show higher p65 (N/T) at various time points from 0 to 25 min compared with RA cells (Fig. 1 D and E and SI Appendix, Fig. S1 B, k and l). The slope of the linear-fitted curve for the first 25 min is higher for CI cells, indicating faster nuclear translocation of p65 compared with RA cells (Fig. 1E ). Nuclear translocation of NFκB is known to be negatively regulated by its inhibitor, IκB, which is one of the early target genes to be transcribed. We observe that the nuclear exit of p65 occurs earlier and faster in CI cells (with peak time t max = 25 min) in comparison with RA cells (t max = 35 min) (Fig. 1D) . Moreover, the average fold change of nuclear p65 before and after 30 min of TNFα stimulation is also significantly higher in CI cells compared with the RA cells (Fig. 1F ). These observations suggest that the signaling events leading to TNFα-induced nuclear translocation of p65 is faster in CI cells.
Nuclear translocation of the NFκB dimer occurs due to the proteasome-mediated degradation of IκB. This follows IκB phosphorylation by IκB kinase, which is induced by TNFα (22) . The cytoplasmic level of IκB, as well as its phosphorylation levels (phospho-Serine-32 and -36), were analyzed in cells grown on the two shapes. In unstimulated conditions, RA cells have higher cytoplasmic levels of IκB ( Fig. 1G and SI Appendix, Fig. S1 C, a and b), and lower levels of cytoplasmic phospho-IκB, compared with CI cells (Fig. 1H and SI Appendix, Fig. S1 C, c and d) . Upon stimulation with TNFα, there is rapid degradation of IκB in RA cells. The amount of IκB degraded in the first 10 min of TNFα stimulation is much higher in RA cells than in CI cells ( Fig. 1I and SI Appendix, Fig. S1 C, a and b) .
Because phosphorylation and polyubiquitination of IκB precede its degradation, the phosphorylation levels of IκB were measured across a time course of TNFα stimulation. Cells on the two shapes were stimulated with TNFα (20 ng/mL) in the presence of the proteasome inhibitor MG132, to block IκB degradation, to enable an accurate estimation of phosphorylation levels. The cells were then fixed at different time points and immunostained for phospho-IκB (phospho-Serine-32 and -36). Upon stimulation with TNFα, a rapid increase in phosphorylation of IκB was observed in RA cells, compared with CI cells (Fig. 1J and SI Appendix, Fig. S1 C, c and d) where marginal increase in phosphorylation of IκB was observed. These results collectively suggest that TNFα-mediated differential processing of IκB and subsequent p65 nuclear localization is dependent on cell geometry. Intriguingly, we find that CI cells have higher efficiency of nuclear shuttling of p65 for similar amounts of degraded IκB, as observed by plotting the changes in p65 nuclear fraction as a unit of IκB change (Δp65/ΔIκB) across time points of TNFα stimulation (SI Appendix, Fig. S1 C, e).
Because differential biochemical processing can occur as a result of differences in the mobility of the molecules in question, we looked at IκB mobility. The mobility of IκB was studied using fluorescence recovery after photobleaching (FRAP) experiments, with mCherry-IκB expressed in NIH 3T3 cells under the two geometric constraints. Regions of interest of 2.5-μm diameter in the cytoplasmic region of cells on the two shapes were photobleached and the recovery of the intensities of mCherry was tracked over time. mCherry-IκB mobility was higher in circular cells (having a lower t 1/2 recovery) than the RA cells (having a higher t 1/2 recovery) (SI Appendix, Fig. S1D ). Thus, the mobility of IκB in the cytoplasm is differentially modulated by the mechanical state of the cells, and this may affect the biochemical processing induced by TNFα signaling. Whereas IκB degradation is highly correlative to p65 translocation, there may be other layers of regulation that modulate the nuclear entry of p65. To understand this cell-geometry-dependent differential processing of TNFα signal, we explored the role of the actin cytoskeleton which is known to be different in the RA and the CI cells. Fibroblast cells of the two geometries differ in terms of their actomyosin contractility. In RA cells, the intensity levels of cytoplasmic F-actin were higher than in CI cells, as RA cells possess robust F-actin fibers ( Fig. 2A and SI Appendix, Fig. S2A ). Furthermore, the amount of pMLC was higher in RA cells, which indicates higher myosin activity compared with that in CI cells. This in turn suggests a higher Rho activity in RA cells (SI Appendix, Fig. S2 B, e).
The differences in levels of cytoplasmic F-actin and pMLC in polarized and CI cells prompted us to look at the Rho GTPase signaling pathway. In cells, Rho GTPase-mediated signaling is known to regulate actin polymerization and myosin contractility by modulating ROCK activity and myosin phosphorylation (23) . F-actin severing can occur through the activity of the cofilin/ADF family of proteins, which are regulated by ROCK and LIM kinases. Specifically, LIM kinase-2 is known to phosphorylate the Serine-3 residue of cofilin, and thereby regulate its activity by deactivating the protein (24) (25) (26) . Conversely, dephosphorylation of S3 leads to its activation. The RA cells possess higher levels of cytoplasmic phospho-LIM kinase-2 (SI Appendix, Fig. S2 B, f) and phosphocofilin (SI Appendix, Fig. S2 B, g) (compared with CI cells. This indicates that the activity of LIM kinase-2 is higher and the activity of cofilin is lower in RA cells. These factors can contribute toward higher F-actin in RA cells compared with CI cells.
We next explored how these parameters change upon stimulation with TNFα. We observed a rapid decrease in F-actin intensity in RA cells over time, after TNFα stimulation ( Fig. 2B and SI Appendix, Fig.  S2 A, c). In CI cells, however, the F-actin intensity was low to begin with and we observed a decrease in F-actin intensity upon TNFα stimulation, but to a much lower extent than was observed in RA cells.
Our observation that TNFα stimulation causes changes in the levels of F-actin directed us to estimate the fate of Rho activity and downstream signaling components before and after TNFα stimulation. RA cells possess higher levels of active-Rho in the cytoplasm compared with CI cells. TNFα stimulation for 30 min leads to a decrease in active-Rho levels predominantly in RA cells with a marginal decrease in CI cells ( Fig.2C and SI Appendix, Fig. S2 B, a). The TNFα-induced Rho inhibition is supported by the observed time-dependent decrease in phospho-MLC levels upon TNFα stimulation in RA cells, which showed little change in CI cells (SI Appendix, Fig. S2 B, b and e). We also found that upon TNFα stimulation, phospho-LIM kinase-2 levels ( Fig. 2D and SI Appendix, Fig. S2 B, c and f) and phospho-cofilin levels ( Fig. 2E and SI Appendix, Fig. S2 B, d and g) decrease rapidly in RA cells. In contrast, there is no significant change in phospho-LIM kinase-2 and phospho-cofilin levels in CI cells (Fig. 2 D and E and SI Appendix, Fig. S2 B, c, d, f, and g ). This indicated that TNFα-induced actin depolymerization is possibly due to inhibition of Rho leading to an increase in cofilin activity.
To understand the implication of TNFα-induced actin depolymerization in the canonical NFκB pathway, we explored if actin depolymerization was required for IκB processing and NFκB nuclear translocation. We found that TNFα-induced p65 nuclear translocation was significantly enhanced in RA cells when they were pretreated for 15 min with drugs that inhibit F-actin polymerization and myosin activity (CytochalasinD, LatrunculinA, or Blebbistatin) (SI Appendix, Fig. S2C ). RA cells when treated with only CytochalasinD showed a decrease in the levels of cytoplasmic IκB (Fig. 2F and SI Appendix, Fig. S2 D, a) and an increase in nuclear translocation of NFκB (Fig. 2G and SI Appendix, Fig. S2 D, b) indicating that actin depolymerization alone was sufficient to drive IκB degradation and NFκB translocation even without TNFα stimulation.
To determine whether the TNFα-induced depolymerization of F-actin via inhibition of Rho is a requirement for TNFα-mediated canonical-signaling events, we compared p65 nuclear translocation, and degradation of IκB after TNFα stimulation, in rectangular cells expressing either constitutively active Rho (GFP-RhoV14) or GFP (control) (SI Appendix, Fig. S2 D, c) .
RA cells expressing GFP-RhoV14 showed slower and compromised p65 nuclear translocation compared with those expressing GFP (Fig. 2H) . Supporting this observation, we found that in RA cells expressing GFP-RhoV14, the degradation of IκB was inhibited (Fig. 2I) . This indicates that TNFα-induced Rho inhibition is not just an additional consequence, but is required for the canonical nuclear shuttling of p65. Thus, we demonstrate that F-actin depolymerization is associated with TNFα-mediated nuclear translocation of p65, whereas inhibition of F-actin depolymerization/ Rho inhibition inhibits the same, and thereby connects the actin remodeling to canonical TNFα signaling.
We next quantified the changes in F-actin structures as a consequence of cell geometry and TNFα. Low doses of actin depolymerization agents (Latrunculin A) have been shown to induce actin nodes (27) .We segmented the F-actin into actin nodes and filaments ( Fig. 2J and SI Appendix, Fig. S2 E and F) followed by quantification of the number of actin nodes. We found that in unconstrained NIH 3T3 cells, F-actin depolymerization induced by TNFα treatment led to appearance of actin nodes similar to when treated with actin-depolymerization drugs like CytochalasinD (SI Appendix, Fig. S2E ). CI cells were found to have a higher amount of such nodes than RA cells in untreated condition (Fig. 2 A and  K) . We observed an increase in the number of nodes upon TNFα stimulation in RA cells (Fig. 2K) .
We also observed that the TNFα-generated actin nodes were enriched with IκB ( Fig. 2L and SI Appendix, Fig. S2G ). We hypothesized that these actin nodes could serve as scaffolds for IκB binding and processing of signal. Using an FRAP assay, we found that IκB mobility was slower on F-actin nodes (SI Appendix, Fig.  S2 H, a-c) than it was in the cytosol. However, IκB mobility on F-actin filaments did not differ significantly from that in the cytosol (SI Appendix, Fig. S2 H, d-f) . We found that upon TNFα stimulation, phosphorylation of IκB primarily increased on the actin nodes with time, whereas in the cytosol IκB phosphorylation increased marginally with time (Fig. 2M) . In unstimulated conditions, CI cells have higher phospho-IκB enrichment on actin nodes than that in RA cells (Fig. 2M, Inset) . This suggests that the TNFα-generated actin nodes may serve as scaffolds for IκB binding, and biochemical events like phosphorylation related to IκB processing. This could explain why IκB degradation and nuclear shuttling of p65 was affected by the enhancement or inhibition of F-actin depolymerization.
The observation that TNFα-induced actin depolymerization could regulate nuclear translocation of NFκB (p65) prompted us to explore the fate of other actin-dependent transcription regulators. Nuclear shuttling of the SRF transcription cofactor MKL is known to be regulated by actin polymerization. Earlier work in the literature has elucidated the nuclear fraction of MKL to be highly sensitive to F-actin/G-actin ratio (28) . MKL binds to G-actin, and hence localizes at the cytoplasm when there is less polymerized actin. When actin polymerization increases, MKL uncouples from G-actin and translocates to the nucleus. We therefore monitored MKL (N/T) in RA and CI cells, over a time course of TNFα stimulation. RA cells showed a high amount of MKL in the nucleus, which is consistent with the presence of robust F-actin fibers in these cells (Fig. 2N) . CI cells, on the other hand, have very low levels of MKL in the nucleus, consistent with the low amount of F-actin observed in the cytoplasm. In RA cells, TNFα stimulation leads to MKL exit from the nucleus, whereas there was marginal change in nuclear localization of MKL in CI cells (Fig. 2 N and O) . A time-course study on the effect of TNFα stimulation on the nuclear levels of MKL revealed that in RA cells MKL rapidly translocates to the cytoplasm (Fig. 2P) , which supports our observation that TNFα induces actin depolymerization in RA cells. Thus, we show that TNFα, a cytokine that is known to cause nuclear translocation of its effector, the transcription factor NFκB (p65) by a canonical pathway, can also lead to the nuclear exit of another transcription cofactor, MKL. As a result, the TNFα-cellgeometry interplay creates nuclear-cytoplasmic compartmentalization of the two transcription regulators −NFκB (p65) and MKL.
TNFα Cell-Geometry Interplay Rewires Transcription Machinery Leading to Differential Expression of p65 and MKL Target Genes.
To check whether these transcription factors/cofactors were recruited to active RNA polymerase II pockets (29), we colabeled active 5S RNA polymerase II (phospho CTD Serine5) with either MKL or p65. Three-dimensional confocal images of active 5S RNA polymerase II and the transcription factors were thresholded to remove background noise (SI Appendix, Fig. S3 A, a and b ). The colocalization fraction was then measured to indicate the colocalization of MKL or p65 with active 5S RNA polymerase II (described in Materials and Methods). This was not sensitive to the degree of image thresholding within a proper range (SI Appendix, Fig. S3 A, f and g). We found that in RA cells, the colocalization fraction between MKL and active 5S RNA polymerase II was ∼50%. This dropped to ∼1% after deletion of the SRF binding domain of MKL (SI Appendix, Fig. S3 A, c and e) . This indicated that the colocalization between MKL and active 5S RNA polymerase II required MKL to be bound to SRF. This is reminiscent of the role of MKL as a cofactor of SRF for gene activation.
In CI cells, the colocalization of MKL and 5S RNA polymerase II was dramatically low. This was expected given the cytoplasmic localization of MKL in these cells. TNFα induction in RA cells also reduced the number of MKL/5S RNA polymerase II clusters. This was slightly rescued upon treating cells with Leptomycin B (LMB), a nuclear export inhibitor (Fig. 3 A and B) . This is consistent with the observed blockage of TNFα-induced nuclear-to-cytoplasmic shuttling of MKL in RA cells upon LMB treatment (SI Appendix, Fig. S3B ).
Consistent with the nuclear enrichment of p65 in CI cells, a significantly higher level of p65 and 5S RNA polymerase II clusters was observed in these cells. In RA cells, TNFα stimulation increased the colocalization of p65 with 5S RNA polymerase II to a level that was comparable to that in CI cells. LMB treatment on the TNFα-stimulated RA cells further enhanced the p65 and 5S RNA polymerase II colocalization (Fig. 3 A and C) . This is consistent with the observation that TNFα-induced nuclear translocation of p65 in RA cells was further enhanced upon LMB treatment (SI Appendix, Fig. S3 B, a and c) .
Because TNFα treatment promoted a cell-geometry-dependent differential nuclear localization of the two-transcription regulators p65 and MKL, we explored the functional implication of this phenomenon by assessing the expression of a target gene. In fibroblasts, α-Smooth-Muscle-Actin (αSMA) is a known candidate gene which is regulated by MKL, and whose expression level is physiologically important, especially during transdifferentiation of fibroblasts to myofibroblasts (30) . Real-time quantitative PCR (qPCR) studies using mRNA from the RA and CI fibroblast cells, either untreated or treated with TNFα (20 ng/mL, 30 min), showed that RA cells have higher expression levels of αSMA compared with the CI cells. TNFα stimulation led to a significant decrease in αSMA expression levels in RA cells alone, with CI cells not responding to TNFα stimulation to a significant degree (SI Appendix, Fig. S3 C, a) . LMB was used to trap both p65 and MKL in the nucleus upon TNFα stimulation. qPCR studies on the expression levels of αSMA in TNFα-treated RA cells, with or without LMB, showed that the decrease in TNFα-induced αSMA expression was rescued in the presence of LMB (SI Appendix, Fig. S3 C,  b) . We next assessed the functional implications of the differential nuclear shuttling of the transcription regulators by assessing the total transcription in cells held in the two geometric states, and upon integration of TNFα using microarrays (see SI Appendix, Materials and Methods and controls in SI Appendix, Fig. S3D ).
Our observations of cell geometry and TNF-mediated compartmentalization of transcription factors prompted us to explore the expression profiles of the target genes of these transcription factors. Here, we have used the NFκB target genes that have been experimentally validated in humans and mouse (31) and seruminducible genes where MRTF-SRF directly bind and are sensitive to the actin contractility (LatrunculinB and/or CytochalasinD sensitivity) (32) . The expression profiles of the NFκB and MKLdependent SRF target genes obtained from other methods (32) (33) (34) are summarized in SI Appendix, SI Appendix, Fig. S3 F-I (and SI Appendix, Tables S2 and S3). A heatmap representing the relative gene-expression patterns of NFκB target genes (Fig. 3D) shows that even before the stimulation of the cells with TNFα, CI cells have overall higher expression of these genes compared with RA cells. Following TNFα treatment, the expression of NFκB target genes increased in both RA and CI cells. The overall trend of all these genes reveals (Fig. 3E) that the transcription profile of the target genes follows the trend of the nuclear compartmentalization of the relevant transcription factor. However, as indicated by the heatmap, there is heterogeneity among the target genes (quantified in SI Appendix, Fig.S3 K, a) . Whereas the global expression pattern correlated with the highest rank frequency in these samples, there are still a considerable number of genes that do not follow the global trend. Importantly, some of the genes that have their expression increased as a result of TNFα stimulation vary between RA and CI cells (SI Appendix, Fig. S3L and Table S4 ).This indicates that the cell geometry plays a role in interpreting the cellular response to TNFα stimulation.
Consistently, the MKL-dependent SRF target genes are expressed at relatively higher levels in RA cells before TNF stimulation compared with CI cells and, upon TNF stimulation, the expression of these genes further reduces in both the geometries (Fig. 3 F and G) . Similar to NFκB target genes the overall trend of the expression pattern of the MKL-dependent SRF target genes correlated with the accumulation of the transcription factor in the nucleus (SI Appendix, Fig. S3 K, b) . In addition, as seen previously, they also exhibit heterogeneous gene-expression patterns and are differentially down-regulated in the cells of different geometries upon TNFα stimulation (SI Appendix, Fig. S3M and Table S4 ).
Global Gene-Expression Profile Indicates the Presence of a GeometryDependent Transcription Response to TNFα. The observed dependence of the gene-expression patterns of the NFκB and MKL-dependent SRF target genes in response to TNFα on cell geometry prompted us to explore the fate of the global transcription response under these conditions. As reported earlier (3), the gene-expression profiles were found to be very different for cells in the two geometries before treatment, and TNFα stimulation led to a differential expression of 63 genes in RA and 94 genes in CI (SI Appendix, Fig. S3E ). The genes that uniquely change in CI and RA cells have been characterized and summarized in SI Appendix, Fig.  S4 A-D and tabulated in SI Appendix, Table S5 . To pick out expression patterns that differ in the two geometries before and after TNFα stimulation, the ratio of expression in CI and RA cells before and after treatment were calculated for all genes and those that have more than 30% difference (ratio ≤0.7 or ≥1.3) were identified as being differentially expressed (Fig. 4A) . We found three kinds of differential expression patterns in the system: genes that were similar in both the geometries before treatment and became different after TNFα stimulation (type I), genes that were different in both the geometries before treatment and became similar after TNFα stimulation (type II), and genes that were different in both the geometries before and after TNFα stimulation (type III). These behaviors were visualized by plotting the Z score of the gene expression in one geometry against the other under unstimulated and TNFα-stimulated conditions (Fig. 4F ) and are tabulated in SI Appendix, Table S6 . In addition, the change in expression of each gene that falls into the aforementioned three types is visually represented in SI Appendix, Fig. S4 E and F and the expression patterns of some representative genes are summarized in SI Appendix, Fig. S4G . Gene ontology enrichment analysis of these genes sets reveals that many of these gene are related to proliferative and cytoskeletal functions (SI Appendix, Fig. S4H and Table S8 ). The differential expression patterns of NFκB target genes are summarized in SI Appendix, Fig. S4I . Collectively, these gene-expression patterns highlight the importance of the cell geometry in modulating the response to the same cytokine in the same cell type into diverse types of transcription outputs, which could potentially fine-tune cell behavior.
Geometry of the Cell Influences Proliferation in Response to TNFα.
Geometry-dependent significant differences in transcription outputs of cells induced by 30-min stimulation with TNFα led us to explore the subsequent long-term functional implication in terms of cell behavior. TNFα is known to regulate cell proliferation and apoptotic genes via NFκB and AP1 transcription regulators (35) and, within 30 min, there is a change in the expression levels of apoptotic and proliferative genes (SI Appendix, Fig. S5 A, 3) . Therefore, we explored TNFα-induced cell proliferation in the cells of the two geometries. RA and CI fibroblasts with and without TNFα treatment were allowed to grow in the presence of EdU (5-ethynyl-2´-deoxyuridine), which can integrate with and act as a measure for active replicating DNA occurring during S phase of cell cycle (36), for 9 h and examined for EdU incorporation (representative images, Fig. 5A and SI Appendix, Fig. S5B ). CI cells showed more EdU incorporation than RA cells in untreated conditions. Also, TNFα-treated RA cells showed significantly higher EdU incorporation than untreated RA cells (Fig. 5B) . However, CI cells showed no observed difference in EdU incorporation with or without TNFα. This suggested that TNFα stimulation enhanced S-phase DNA replication in RA cells in comparison with the CI cells. We further explored the relevance of these differences toward cell proliferation and monitored cells grown in these conditions for 72 h, by when the geometrically confined individual cells within the micropattern divide and grow into colonies (representative images, Fig. 5C and SI Appendix, Fig.  S5C ). After 72 h, cell proliferation was assayed by measuring the DAPI intensity per colony, which correlates with the number of nuclei per colony, for all surviving cells in the culture dish (representative images, Fig. 5D ). Cells grown on rectangular micropatterns for 72 h showed higher cell numbers per colony compared with those grown on circular micropatterns. However, cells that were grown in the presence of TNFα on rectangular micropatterns showed an increase in the DAPI intensity per colony, whereas those grown on circular micropatterns showed no increase compared with unstimulated condition (Fig. 5E ). In this experimental setup, we only measure the colonies that have survived for 72 h. To account for the cells that undergo apoptosis and colonies that detach, we quantified the fraction of cells that survived and found that survival depended on the micropatterns and not on TNFα stimulation. In addition, we found that TNFα stimulation induced apoptosis in colonies on both rectangular and circular micropatterns (SI Appendix, Fig. S5D ). These observations suggests that cell-geometry-TNFα interplay could possibly lead to interesting regulatory balances between cell proliferation and cell death. Collectively, these results indicate that the differences in gene expression induced by the cell-geometry-TNFα interplay can translate into distinct cellular behaviors.
Discussion
Cells in tissues are exposed to a multitude of mechanical and biochemical stimuli from the microenvironment. They need to sense and respond to these stimuli correctly to maintain normal cell physiology. Various cytokines in the connective tissue microenvironment modulate the behavior of fibroblasts by regulating distinct signaling pathways. TNFα is an inflammatory cytokine known to regulate cell proliferation, apoptosis, and is dysregulated in various forms of cancer. TNFα functions by regulating the activity or nuclear translocation of various transcription factors, one of which is NFκB. TNFα-induced processing of IκB leads to shuttling of the NFκB dimers into the nucleus where they trigger the expression of specific target genes. The shape, or wider mechanical state, of a cell in a tissue is governed by its interaction with the matrix and neighboring cells. In many pathophysiological conditions, the ECM stiffness and cell-ECM interactions are altered, leading to changes in cell shape and behavior. In healthy connective tissues, fibroblasts have an elongated and polarized shape which is mimicked by the cells grown in rectangular fibronectin micropatterns. Our earlier studies have shown that cells in two extremely different geometries--polarized and isotropic--differ in terms of various cellular properties like cytoskeletal architecture, nuclear and chromatin dynamics (10, 37) . It was not known how cells of different shapes respond to biochemical signals in the tissue microenvironment. We therefore studied the response of fibroblasts of two distinct mechanical states--RA (stretched) and CI (relaxed), at the single-cell level, to TNFα-mediated signaling.
In contrast to CI cells, RA cells have robust F-actin stress fibers and higher levels of pMLC. The Rho-family-GTPases play a role in the regulation of actin polymerization through the activation of ROCK, phosphorylation of MLC, and the deactivation of cofilin by activation of LIM kinase-2 (23) (24) (25) (26) . We observed higher levels of phospho-LIM kinase-2 and phospho-cofilin-Serine3 in RA compared with CI cells, which was indicative of increased LIM kinase-2 activity, and reduced cofilin activity and thereby higher actin polymerization. In addition, RA cells have relatively higher amounts of cytoplasmic IκB and lower levels of nuclear NFκB (p65) compared with CI cells. Actin depolymerization alone induced by CytochalasinD is sufficient to induce IκB degradation and p65 nuclear translocation. These observations indicate that even in the absence of TNFα, the mechanical state of the cell, by modulating actin polymerization, can regulate the processing of IκB and thereby nuclear translocation of NFκB (p65), suggesting a possibility that TNFα-mediated signaling may involve similar mechanisms. This is corroborated by our observation that TNFα induces a higher degree of F-actin depolymerization and phosphorylation and degradation of IκB in the RA cells. Furthermore, TNFα-induced p65 nuclear translocation significantly increased in the presence of actin depolymerization drugs. More importantly, the expression of a constitutively active Rho was associated with compromised IκB processing and p65 nuclear translocation. Collectively, our observations show TNFα-mediated F-actin depolymerization via Rho inhibition is associated with IκB degradation leading to NFκB (p65) nuclear translocation. TNFα-mediated actin remodeling and regulation of Rho GTPases has been reported earlier in the literature (13, 31, 38) . In addition, the link between actin remodeling and NFκB activity has been suggested earlier (12) However, a systematic analysis of TNFα-mediated F-actin depolymerization and the mechanism by which this structural change could lead to the activation of NFκB pathway at single-cell levels was lacking in the field. In our study we describe a mechanism that shows how TNFα-induced depolymerized F-actin structures (actin nodes) could possibly regulate the biochemical processing of IκB. In support of this mechanism, we observe that phosphorylated IκB is enriched on the actin nodes in CI cells. Following TNFα treatment, the actin nodes generated by TNFα induced F-actin depolymerization in RA cells are also enriched in phosphorylated IκB. This mechanism could also explain why the inherent differences in the actin-polymerization states of the same cell type in the two geometries can create differences in nuclear translocation of NFκB and transcriptional response. Unstimulated CI cells have actin in relatively depolymerized form with more nodes which enable them to process the signal in an early, fast, and efficient manner. In contrast, in RA cells, actin nodes that are associated with IκB phosphorylation need to be generated by TNFα-mediated actin depolymerization, leading to a delay in the process.
Actin polymerization is known to regulate the nuclear localization of the SRF cofactor, MKL (39) , an effector of TGFβ, a cytokine which has been shown to be antagonistic to TNFα (40, 41) . Cell-geometry-dependent differential actin organization leads to differential MKL nuclear localization, with the RA cells having a significant amount of nuclear MKL, whereas CI cells have largely cytoplasmic MKL. As a consequence of TNFα-induced F-actin depolymerization, MKL is shuttled out of the nucleus, which is prominent in the RA cells owing to their high F-actin content. Thus, depending on the mechanical state of the cell, TNFα induces nuclear "shuttling in" of p65 and "shuttling out" of MKL, thereby creating a distinct compartmentalization of MKL and p65. Transcription factors act by binding to specific sequences of their target genes to induce transcription. We show that, in addition to creating compartmentalization of these transcription regulators between the nucleus and the cytoplasm, the TNFα-cell-geometry interplay also leads to differential loading of these factors to the active RNA polymerase II transcription machinery. Consistent with the above, we observed that the NFκB target genes have overall higher expression in CI whereas the MKL-dependent SRF genes have higher expression in RA. Following TNFα stimulation, we observe an overall increase in the expression of NFĸB and a decrease in the expression of MKL-dependent SRF target genes in both CI and RA cells. This signifies that TNFα stimulation for 30 min can rewire the transcription machinery leading to changes in gene-expression programs. We also observed that the gene expression of αSMA, a target of MKL, changed in accordance with the differential loading of MKL onto active transcription sites in the cells of the two geometries. Additionally, we also showed that the expression of αSMA is dependent on the nuclear exit of MKL following TNFα stimulation, in addition to the local inhibitory effect of p65 on MAL as reported earlier (42) .
These observations prompted us to look at the global changes in the transcription profiles of cells in the two geometries upon TNFα stimulation. Although the global gene-expression trends of the target genes of the transcription factors correlate with the enrichment of these factors in the active transcription sites in the nucleus, we do observe that there are certain genes that do not follow this trend. These observations prompted us to look at the global changes in the transcription profiles of cells in the two geometries upon TNFα stimulation. We find that the genes that are differentially expressed following TNFα stimulation are different in the two geometries. Additionally, we show that there are different classes of genes that respond to TNFα in a geometryspecific manner (Fig. 4) , suggesting that the transcriptional control of these genes is different in the two geometries. Transcription activity has been shown to depend on interchromosome architecture (43) . Because the chromatin structure and dynamics are different in cells of these two geometries (37, 44) , we speculate that the observed differences in the transcription is due to the differential chromosome architecture in the cells of two mechanical states. Finally, we also demonstrated geometry-dependent response to TNFα-induced cell proliferation, observed 3 d after treatment, indicating that the differential transcription outputs are translated into distinct long-term cellular response.
Thus, we demonstrate that, depending on the geometry of the cell, TNFα signaling can lead to the compartmentalization of the transcription regulators NFκB and MKL by modulating actin polymerization. This in turn leads to the rewiring of the transcription machinery by differential loading of the two transcription factors onto the RNA polymerase II enzyme, resulting in the transcription of their target genes (Fig. 5F ). Collectively, our results highlight the importance of the intrinsic mechanical properties of a cell in determining its response to a biochemical signal. Because cells experience distinct forces within the tissue microenvironment, their geometry-dependent differential response to various cytokines are important in the maintenance of their cellular homeostasis. More importantly, this indicates that the cellular response to biochemical signals is regulated by cell-geometric constraints. Alterations to this cellular homeostasis may result in physiological abnormalities at single-cell level, leading to diseases like fibrosis and cancer.
Materials and Methods
Details of micropatterning, culturing of NIH 3T3 on the micropatterns, TNFα treatment, immunostaining, confocal imaging, FRAP assays, cell proliferation, DNA replication, and cell death assays are included in SI Appendix, Materials and Methods. Details of the various kinds of image analysis used in this study (i.e., estimation of the nuclear fraction of the transcription regulators, colocalization studies, segmentation of actin nodes and filaments) have been described in SI Appendix, Materials and Methods. Additionally, the details of the methodologies used in the gene-expression studies, microarray sample preparation, and analysis have been provided in SI Appendix Materials and Methods.
